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Objective: In this study, we assessed the association between the tortuosity of the thoracic aorta as measured by the
reporting standards for thoracic endovascular aortic repair (TEVAR), described by the Society for Vascular Surgery, and
midterm outcomes after TEVAR for atherosclerotic aneurysms.
Methods: We analyzed 77 consecutive patients who underwent TEVAR for atherosclerotic aneurysms from November
2006 through May 2013 in a single institution. The preoperative aortic tortuosity index (TI) was calculated by
computed tomography aortography, and patients were divided into low-tortuosity (TI # 1.29) and high-tortuosity
(TI > 1.29) groups. The relationships between TI and the occurrence of endoleaks, complications, and survival
were analyzed.
Results: The mean follow-up period was 29 6 26 months. During this period, endoleaks occurred in 19 patients. Patients
in the high-tortuosity group were at greater risk for endoleaks (odds ratio, 9.95; 95% conﬁdence interval, 2.06-48.1; P[
.004) and stroke (odds ratio, 13.2; 95% conﬁdence interval, 1.03-169; P[ .047) than those in the low-tortuosity group.
The overall survival at 1, 3, and 5 years was 73%, 69%, and 63%, respectively, for the high-tortuosity group and 92%, 92%,
and 86%, respectively, for the low tortuosity group.
Conclusions: Our ﬁndings demonstrated that high tortuosity of the thoracic aorta is associated with higher rates of
endoleaks and lower survival in patients undergoing TEVAR for atherosclerotic aneurysms. Patients with aneurysms in a
highly tortuous aorta may therefore need greater attention in preoperative planning, perioperative procedures, and
follow-up examinations. (J Vasc Surg 2014;60:937-44.)Thoracic endovascular aortic repair (TEVAR) has gradu-
ally become popular for treatment of thoracic aortic lesions.1
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://dx.doi.org/10.1016/j.jvs.2014.04.008The occurrence of endoleaks is an important outcome
measure after TEVAR. The presence of an endoleak may
be associated with increased volume of the aneurysmal
sac and subsequent rupture,3-5 whereas its absence indicates
aneurysm sac regression.6 TEVAR outcomes including
occurrence and characteristics of endoleaks depend on
the anatomic factors of the aortic disease.7,8 Several reports
describing heterogeneous pathologic processes have indi-
cated that endoleaks are associated with anatomic factors,
such as the diameter of the aneurysm, radius of the aortic
curve, coverage of the left subclavian artery (LSCA), and
tortuosity of the aorta, and procedural factors, such as
the diameter, length, number, and completeness of appo-
sition of the stent grafts.9-11 Tortuosity of the aorta is
reportedly related to the formation of endoleaks and
bird-beak conﬁguration; however, thus far, the methods
used to calculate tortuosity have not been consistent
with the reporting standards for TEVAR described by
the Society for Vascular Surgery,12,13 which aim to stan-
dardize ﬁndings regarding TEVAR. Apart from the occur-
rence of endoleaks, the relationship between the
tortuosity of the aorta and other TEVAR outcomes remains
unknown.
This study aimed to comprehensively evaluate the
relationship between native aortic tortuosity and the out-
comes of TEVAR, including perioperative complications,
operation time, endoleak, and survival, with a measure-
ment method that conformed to published reporting937
Fig 1. Flow chart for patient selection. TEVAR, Thoracic endovascular aortic repair.
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thoracic aneurysms.
METHODS
We retrospectively reviewed patients who underwent
TEVAR in a single institution from November 2006 to
May 2013. The study was approved by the Institutional Re-
view Board, and all patients provided informed consent for
the procedures. Overall, 384 patients underwent TEVAR
with various follow-up periods. Patients who underwent
TEVAR for aortic dissection, mycotic aneurysm, intramural
hematomas, traumatic transection, and right subclavian
artery aneurysms were excluded from the analysis. Further,
patients who presented with aneurysmal rupture and pa-
tients who had undergone previous aortic repair were also
excluded along with patients with incomplete preoperative
computed tomography (CT) images and patients withoutfollow-up images. Thus, 77 patients were included in the
analysis (Fig 1).
Imaging protocol. Preoperative CT aortography was
performed with a 64-slice CT scanner (Aquilion 64;
Toshiba Medical Systems, Otawara-shi, Japan). Precontrast
CT images were scanned from the lung apex to the dia-
phragm. By use of the bolus tracking method, after injec-
tion of a total of 90 mL of iodinated contrast medium at a
rate of 3.5 mL/s by power injector, the postcontrast CT
scan was initiated when the density of the region of interest
in the ascending aorta exceeded 150 Hounsﬁeld units. The
scan ranged from the lower neck to the symphysis pubis.
Images were reconstructed in 1-mm thickness with 0.8-
mm intervals and were transferred to a workstation
(Aquarius iNtuition, version 4.4.6.9; TeraRecon Inc, San
Mateo, Calif). The central lumen lines were semi-
automatically extracted from the ascending aorta to the
Fig 2. Tortuosity and diameter measurement. A, The curved length of the aneurysm was measured along the central
lumen line by extending 2.5 cm from the landing zone proximally and distally from the proximal and distal neck. B,
The straight distance of the aneurysm was then measured from the proximal landing zone to the distal landing zone.
The tortuosity is calculated by dividing the curved length by the straight distance. C, The maximal aneurysm diameter
was measured perpendicular to the central luminal line.
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Volume 60, Number 4 Chen et al 939aortic bifurcation. The maximal diameter perpendicular to
the central lumen lines at the level of the proximal and
distal neck and at the level of the largest outer wall to the
outer wall diameter was determined. The curved lengths of
the aneurysms were also measured. The tortuosity index
(TI) of the aneurysm, calculated by dividing the curved
length by the straight distance along a centered line, was
measured from 2.5 cm proximal to the proximal neck up to
2.5 cm distal to the distal neck and independently analyzed
by two radiologists (C.C. and I.L.), in accordance with the
published method (Fig 2).13 The average value of the two
measurements was used for analysis, and interobserver
variability was determined.
Procedures. Under general anesthesia, femoral access
was created by groin cutdown, followed by the introduction
of a 20F to 24F sheath. Debranching adjunct procedures,
such as left carotid-to-LSCA bypass, carotid-to-carotid ar-
tery bypass, supra-aortic debranching, and elephant trunktechnique with reversed sleeve graft, were performed when
the proximal landing zone was located in zones 2, 1, or 0 to
achieve a proximal neck of more than 2.5 cm. The stent graft
size was selected according to the aortic diameter of the
proximal neck on CT aortography with 10% to 20% over-
sizing. If the elephant trunk technique with reversed sleeve
graft was performed, the stent graft size was selected ac-
cording to the reversed sleeve graft diameter with 20% to
30% oversizing. The number and length of the stent grafts
were selected so that they would adequately cover the
proximal landing zone, the aneurysm, and the distal landing
zone of at least 2.5 cm. The shape of the device (tapered or
nontapered) was selected according to the difference in the
diameter of the proximal and distal landing zones.14,15 The
stents used in this study included a stainless steel Gianturco
modiﬁed Z-stent covered with a polyester graft (Zenith TX2
or TX2 Proform; Cook Medical, Bloomington, Ind),
a nitinol stent with a polytetraﬂuoroethylene cover
Fig 3. Evaluation of procedure characteristics. Bird-beak conﬁg-
uration (arrow) is noted in the oblique sagittal maximal intensity
projection computed tomography (CT) image.
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nitinol stent with a polyester cover (Talent or Valiant;
Medtronic, Minneapolis, Minn). After systemic heparin-
ization (80 IU/kg), the stent was inserted into the planned
proximal landing zone. Catheter aortography was then
performed to conﬁrm the correct position of the stent graft
and the absence of endovascular leaks as well as to assess the
maintained patency of the supra-aortic trunks and the bypass
grafts. The type II endoleak of the LSCA was routinely
checked after TEVAR by an angiocatheter through the left
brachial artery. If the result was positive, coil embolism was
performed routinely. After the operation was completed,
spinal cerebrospinal ﬂuid drainage was immediately estab-
lished in the case of any symptoms of paraplegia. All patients
recovered in the cardiovascular intensive care unit, and all
complications were recorded.
Follow-up imaging. Dynamic CT angiography was
performed immediately before discharge, at 6 to
12 months postoperatively, and then annually. With the
same parameters as those used in the preoperative CT
study, precontrast and arterial phase images were scanned,
followed by a delayed scan from the lung apex to the celiac
axis level at 90 seconds after contrast medium injection.
Postprocedural characteristics, stent-covered length, and
presence of bird-beak conﬁguration were evaluated
(Fig 3).11An endoleak was deﬁned as the presence of contrast
material in the excluded aneurysm sac on CT images, and
the classiﬁcation of type I, II, or III was made according
to previous literature.16,17 If more than one of these char-
acteristics was present, such an endoleak was recorded
separately as each speciﬁc type (ie, multiple times), after
consensus with two radiologists (C.C. and I.L.).
Statistical analysis. Data analyses were performed with
IBM SPSS Statistics 20.0 (IBM Corp, Armonk, NY). Cate-
gorical variables were presented as frequencies and percent-
ages, whereas continuous variables were presented as
mean 6 standard deviation. Interobserver variability for
TI was calculated by Pearson correlation. Themean tortuos-
ity was calculated and rounded to the nearest .01, and the
patients were divided into low-tortuosity (TI # 1.29) and
high-tortuosity (TI > 1.29) groups. Univariate analyses for
the demographics, aneurysm and procedural characteristics,
operation time, and endoleak outcomes were performed
with the c2 test or Fisher exact test for categorical variables
and Student t-test for continuous variables. To control for
possible confounding factors, multivariate analysis with
calculation of adjusted odds ratios (ORs) for tortuosity and
endoleaks and other complications was performed by lo-
gistic regression with adjustment for factors known to be
associated with outcomes.6,9,10,18,19 Survival was analyzed
by Kaplan-Meier analysis. The hazard ratio for tortuosity
was calculated with the Cox proportional hazards model.
We also performed logistic regression to investigate tortu-
osity group and stroke in the zone 0-2 subgroup. A P
value < .05 was considered statistically signiﬁcant.
RESULTS
The demographic characteristics of the patients are
listed in Table I. In comparing aortic anatomy and proce-
dural factors, no differences were noted between the low-
tortuosity and high-tortuosity groups with respect to the
maximal aneurysm diameter, aneurysm length, atheroma
grade in the proximal landing zone, number and type of
stent graft used, coverage length of the stent graft, and
bird-beak conﬁguration. There was no signiﬁcant difference
of urgent operation between tortuosity groups (P ¼ .493),
with four cases and two cases in the low- and high-
tortuosity group, respectively. For zone 0-2 repair cases,
19 patients (82.6%) in the low-tortuosity group received
carotid artery ligation or subclavian artery ligation or embo-
lization, whereas 27 patients (84.4%) with high tortuosity
received those procedures. There was no signiﬁcant differ-
ence between the groups for those procedures (P ¼ .861).
The high-tortuosity group included a greater number of
zone0 repairs and ahigher percentage of theLSCArequiring
coverage by a stent graft. Only one of 55 patients (2%) in
zone 2 repair did not receive carotid-subclavian bypass.
There was no signiﬁcant difference of revascularization
between tortuosity groups (P ¼ .418).
No conversions to open surgery were required in any
of the patients. The primary technical success of TEVAR
was 100%. In the perioperative period, stroke was noted
in 10 patients and spinal cord injury occurred in four
Table I. Clinical, aneurysm, and procedural characteristics for the low-tortuosity and high-tortuosity groups
Characteristics
Low tortuosity High tortuosity
P value
(TI ¼ 1.00-1.29) (TI > 1.29)
(n ¼ 41) (n ¼ 36)
Clinical characteristics
Age, years 71 6 14 75 6 12 .165
Male 38 (93) 31 (86) .346
Comorbidities
Dyslipidemia 5 (12) 3 (8) .717
Hypertension 28 (68) 30 (83) .127
Diabetes mellitus 8 (20) 6 (17) .747
Previous cerebrovascular accident 4 (10) 4 (11) 1.000
Chronic renal failure 2 (5) 3 (8) .660
Coronary artery disease 8 (20) 8 (22) .770
Chronic obstructive pulmonary disease 2 (5) 6 (17) .137
Aneurysm characteristics
Maximal aneurysm diameter, mm 64 6 13 70 6 16 .053
Aneurysm length, mm 96 6 63 120 6 57 .090
Proximal landing zone atheroma degree .682
Grade I 20 (49) 19 (53)
Grade II 2 (5) 4 (11)
Grade III 13 (32) 9 (25)
Grade IV 6 (15) 4 (11)
Landing zone .004
Zone 0 4 (10) 15 (42)
Zone 1 6 (15) 6 (17)
Zone 2 13 (32) 11 (31)
Zone 3 12 (29) 3 (8)
Zone 4 6 (15) 1 (3)
Procedural characteristics
Stent graft type .382
Stainless steel based 36 (88) 29 (81)
Nitinol based 5 (12) 7 (19)
LSCA coverage .013
Yes 25 (61) 31 (86)
No 16 (39) 5 (14)
Stent graft number .974
1 20 (49) 18 (50)
2 18 (44) 15 (42)
3 3 (7) 3 (8)
Stent graft coverage length, mm 213 6 59 222 6 52 .485
LSCA, Left subclavian artery; TI, tortuosity index.
Continuous variables are expressed as mean 6 standard deviation. Categorical variables are expressed as number (%).
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patient who suffered mesenteric ischemia and left com-
mon iliac artery rupture. De novo renal failure occurred
in seven patients. Reoperation for inguinal access wound
infection was required in ﬁve patients, and one patient
with zone 0 repair underwent repeated sternotomy for
investigation of internal bleeding because of hypotension,
and diffuse oozing from coagulopathy was found at sur-
gery. The 30-day clinical success rate was 88%. Nine of
11 deaths of the high-TI group patients occurred in the
ﬁrst postoperative year; six died perioperatively (within
60 postoperative days), among whom two had stroke
and one had cerebral hemorrhage. One stroke and one ce-
rebral hemorrhage were related to the TEVAR procedures
with zone 0 repairs.
The mean patient age was 736 13 years, and the mean
follow-up period was 29 6 26 months (1-83 months). The
overall survival was 95% at 30 days; 83% at 6 months; and83%, 79%, and 75% at 1, 3, and 5 years, respectively. Dur-
ing the follow-up period, 19 patients developed endoleaks.
Of these, three patients were diagnosed between 6 and
45 months; others were diagnosed in the ﬁrst follow-up
imaging study. Overall, 11 patients were diagnosed with
a type II endoleak, three with a type III endoleak, three
with a type I endoleak, and two with both type II and
type I endoleaks. In the low-tortuosity group, one type
II endoleak was from the LSCA and one type II endoleak
from the intercostal artery. In the high-tortuosity group,
six and ﬁve type II endoleaks were from the LSCA
and the intercostal arteries, respectively. The interobserver
measurement for TI was good (r ¼ .947). The mean TI of
the aneurysm was 1.293. The patients were therefore
divided into the low-tortuosity (TI # 1.29) and high-
tortuosity (TI > 1.29) groups. In comparing the outcomes
for endoleaks between the low-tortuosity and high-
tortuosity groups, the high-tortuosity group showed a
Table III. Tortuosity groups and endoleak subtypes
Endoleak type
Low tortuosity High tortuosity
P value
(TI ¼ 1.00-1.29) (TI > 1.29)
(n ¼ 41), No. (%) (n ¼ 36), No. (%)
Type I .660
No 39 (95) 33 (92)
Yes 2 (5) 3 (8)
Type II .003
No 39 (95) 25 (69)
Yes 2 (5) 11 (31)
Type III .596
No 40 (98) 34 (94)
Yes 1 (2) 2 (6)
TI, Tortuosity index.
Fig 4. Survival rates of patients with thoracic atherosclerotic
aneurysms after thoracic endovascular aortic repair (TEVAR)
were 92%, 92%, and 86% at 1, 3, and 5 years, respectively, for
the low-tortuosity group and 73%, 63%, and 63% at 1, 3, and
5 years, respectively, for the high-tortuosity group. SE, Stan-
dard error.
Table II. Comparison of complications between the
low-tortuosity and high-tortuosity groups
Complications
Low tortuosity High tortuosity
P value
(TI ¼ 1.00-1.29) (TI > 1.29)
(n ¼ 41), No. (%) (n ¼ 36), No. (%)
Endoleak .001
No 37 (90) 21 (58)
Yes 4 (10) 15 (42)
Renal failure .046
No 40 (98) 30 (83)
Yes 1 (2) 6 (17)
Stroke .039
No 39 (95) 28 (78)
Yes 2 (5) 8 (22)
Limb ischemia .215
No 41 (100) 34 (94)
Yes 0 (0) 2 (6)
Spinal cord injury 1.000
No 39 (95) 34 (94)
Yes 2 (5) 2 (6)
TI, Tortuosity index.
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(P ¼ .046), and stroke (P ¼ .039; Table II). The opera-
tion times were 214 6 140 minutes and 356 6 185 mi-
nutes for the low-tortuosity and high-tortuosity groups,
respectively (P < .001). Multivariate analysis revealed a
signiﬁcant risk for the occurrence of endoleaks in the
high-tortuosity group compared with that in the low-
tortuosity group after adjustment for the diameter of the
aneurysm (OR, 9.95; 95% conﬁdence interval [CI], 2.06-
48.1; P ¼ .004), zone of repair, atheroma severity in the
proximal landing zone, LSCA coverage, number of stent
grafts used, stent coverage length, and bird-beak conﬁgura-
tion. Compared with cases in the low-tortuosity group,
cases in the high-tortuosity group had a signiﬁcant risk
for stroke after adjustment for previous stroke history, cor-
onary artery disease history, atheroma severity in the prox-
imal landing zone, age, and zone of repair (OR, 13.2; 95%
CI, 1.03-169; P ¼ .047). After adjustment for number of
stent grafts, operation time, and zone of repair, the devel-
opment of renal failure was not signiﬁcantly different be-
tween the two groups.Further analysis for the association of TI with the
endoleak subtypes revealed no statistical differences be-
tween the high- and low-tortuosity groups with respect
to the proportion of type I endoleaks (P ¼ .660) or type
III endoleaks (P ¼ .596). However, in patients in the
high-tortuosity group, a larger proportion of type II endo-
leaks was observed compared with those in the low-
tortuosity group (P ¼ .003; Table III).
Survival analysis revealed signiﬁcantly better survival in
the low-tortuosity group (92%, 92%, and 86% at 1, 3, and
5 years, respectively) compared with that in the high-
tortuosity group (73%, 63%, and 63% at 1, 3, and 5 years,
respectively; P ¼ .023; Fig 4). The hazard ratio of mor-
tality for the high-tortuosity group was 3.21 (95% CI,
1.11-9.27; P ¼ .031) and 2.97 (95% CI, 1.03-8.60; P ¼
.045) after adjustment of patient age. In the low-
tortuosity group, the causes of mortality included sepsis
(one patient) at 5 months postoperatively, a cardiovascular
event (one patient) at 23 months postoperatively, pneu-
monia (one patient) at 45 months postoperatively, and a
trafﬁc accident (one patient). In the high-tortuosity group,
hematemesis, subarachnoid hemorrhage, cerebellar infarc-
tion, sepsis, and massive intramuscular hemorrhage were
the causes of mortality. The type I and type III
endoleak-free survival was 84%, 79%, and 79% at 1, 3,
and 5 years, respectively, for the low-tortuosity group
and 62%, 51%, and 51% at 1, 3, and 5 years, respectively,
for the high-tortuosity group (Fig 5), being signiﬁcantly
higher in the low-tortuosity group (P ¼ .011). The overall
endoleak-free survival was 82%, 77%, and 77% at 1, 3, and
Fig 5. Endoleak-free survival for type I or type III endoleaks
for thoracic atherosclerotic aneurysms in the low- and high-
tortuosity groups after thoracic endovascular aortic repair
(TEVAR). SE, Standard error.
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48%, and 38% at 1, 3, and 5 years, respectively, for the
high-tortuosity group, being signiﬁcantly higher in the
low-tortuosity group (P ¼ .002).
For the 11 patients who did not have follow-up im-
ages, the mean preoperative tortuosity was 1.35, and eight
of the 11 patients would be in the high-tortuosity group.
One of the three patients with low tortuosity had in-
hospital mortality, whereas ﬁve of eight (63%) with high
tortuosity died before being discharged. Subgroup analysis
for zone 0-2 showed that the high-tortuosity group still
had greater risk of stroke (OR, 13.6; 95% CI, 1.13-164;
P ¼ .040).
DISCUSSION
Our ﬁndings demonstrated that the tortuosity of the
thoracic aorta is associated with the occurrence of endo-
leaks, stroke, and survival after TEVAR for atherosclerotic
thoracic aneurysms.
The ﬁnding of this study that tortuosity is associated
with the overall percentage of endoleaks is comparable to
that of previous reports regarding the association between
endoleaks and the curvature of the aorta.10,18 The endo-
leak subtypes were variously related to the tortuosity of
the aorta. It has been reported that the tortuosity of the
proximal and distal landing zones is associated with type
I endoleaks, whereas the tortuosity of the diseased aortic
segment is associated with type III endoleaks but not
with type II endoleaks.18 In the current study, the occur-
rence of type II endoleaks was signiﬁcantly associated
with tortuosity of the aorta, whereas type I and type III
endoleaks showed no associations with tortuosity. Thisdifference may be caused by the small number of patients
with type II endoleaks in the previous study, and the
limited occurrence of type I and type III endoleaks in
our study may hardly reveal statistically signiﬁcant differ-
ences in respective types of endoleak across both categories
of tortuosity. A greater tortuosity of the aorta is possibly
related to a higher rate of endoleaks because a tortuous
aorta would provide a poor ﬁt for stent grafts, leading to
a space in the aortic wall for type II endoleaks.
Previously, stroke has been found to be associated with
atheroma, LSCA coverage, and zone of repair in
TEVAR.20,21 In our study, low tortuosity was associated
with a lower incidence of stroke after adjustment for the
factors mentioned before. We hypothesize that higher tor-
tuosity may require greater perioperative manipulation,
leading to embolization from the aortic atheroma and
thus causing higher rates of stroke. Moreover, the tendency
of the implanted stent graft to return to its original straight
shape might exert greater stress on the greater aortic curve
present in the high-tortuosity group, leading to dislodg-
ment of the atheroma and resulting in stroke.22 The stroke
rate in our study was higher than in the previous study23;
we speculate that this may be due to a higher proportion
of zone 0-2 repair, a higher proportion of patients having
coronary artery disease and previous stroke, and the older
patients in our study. According to previous reports, stroke
rates for zone 0-2 repair were reported to be as high as
9.4% to 17.0%.24-26
We observed signiﬁcant differences in survival between
the high- and low-tortuosity groups; however, these
groups showed no differences with respect to age, gender,
or comorbidities such as hyperlipidemia, hypertension, dia-
betes mellitus, previous cerebrovascular events, coronary
artery disease, chronic obstructive pulmonary disease, or
chronic renal failure. Although the reasons underlying the
differences in survival between the high- and low-
tortuosity groups remain unclear, we expect our ﬁndings
to facilitate the prediction of outcomes after TEVAR and
to assist preoperative decision making for individualized pa-
tient management with enhanced awareness of intraopera-
tive maneuvers to prevent complications and increased
caution in the postoperative follow-up period for patients
with high aortic tortuosity. Moreover, the method used
to measure tortuosity in this study is easy and intuitive as
well as compliant with previously established reporting
standards; we consider that it would be readily adopted
across institutions, rendering the evaluation of aortic tortu-
osity more feasible.
This study has several limitations. First, whereas tortu-
osity has been shown to be signiﬁcantly associated with
endoleak events, a longer follow-up period would certainly
beneﬁt the study. Second, in the present study, endoleak
subtypes were determined exclusively with CT scans, and
other endoleaks may have been identiﬁed if angiography
were adopted for the same determinations. Third, there
were greater numbers of zone 0-2 repairs in the high-TI
group; nonetheless, the subgroup analysis and multivariate
analysis by adjustment for zone of repair would address this
JOURNAL OF VASCULAR SURGERY
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tive cutoff point in this pilot study has not been validated.
Further investigation is needed.
CONCLUSIONS
Our study demonstrated that high tortuosity of the
thoracic aorta is associated with higher rates of endoleak
and stroke and lower survival in patients undergoing
TEVAR for atherosclerotic aneurysms. Patients with high
aortic aneurysm tortuosity may need greater attention in
preoperative planning, perioperative procedures, and
follow-up examinations.
We thank Dr Chih Wen Chen for his dedicated efforts
in data collection.
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